The active site of the ribosome, the peptidyl transferase centre, catalyses two reactions, namely, peptide bond formation between peptidyl-tRNA and aminoacyl-tRNA as well as the release-factordependent hydrolysis of peptidyl-tRNA. Unlike peptide bond formation, peptide release is strongly impaired by mutations of nucleotides within the active site, in particular by base exchanges at position A2602 (refs 1, 2). The 29-OH group of A76 of the peptidyl-tRNA substrate seems to have a key role in peptide release 3 . According to computational analysis 4 , the 29-OH may take part in a concerted 'proton shuttle' by which the leaving group is protonated, in analogy to similar current models of peptide bond formation 4-6 . Here we report kinetic solvent isotope effects and proton inventories (reaction rates measured in buffers with increasing content of deuterated water, D 2 O) of the two reactions catalysed by the active site of the Escherichia coli ribosome. The transition state of the release factor 2 (RF2)-dependent hydrolysis reaction is characterized by the rate-limiting formation of a single strong hydrogen bond. This finding argues against a concerted proton shuttle in the transition state of the hydrolysis reaction. In comparison, the proton inventory for peptide bond formation indicates the rate-limiting formation of three hydrogen bonds with about equal contributions, consistent with a concerted eightmembered proton shuttle in the transition state 5 . Thus, the ribosome supports different rate-limiting transition states for the two reactions that take place in the peptidyl transferase centre.
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The active site of the ribosome, the peptidyl transferase centre, catalyses two reactions, namely, peptide bond formation between peptidyl-tRNA and aminoacyl-tRNA as well as the release-factordependent hydrolysis of peptidyl-tRNA. Unlike peptide bond formation, peptide release is strongly impaired by mutations of nucleotides within the active site, in particular by base exchanges at position A2602 (refs 1, 2). The 29-OH group of A76 of the peptidyl-tRNA substrate seems to have a key role in peptide release 3 . According to computational analysis 4 , the 29-OH may take part in a concerted 'proton shuttle' by which the leaving group is protonated, in analogy to similar current models of peptide bond formation [4] [5] [6] . Here we report kinetic solvent isotope effects and proton inventories (reaction rates measured in buffers with increasing content of deuterated water, D 2 O) of the two reactions catalysed by the active site of the Escherichia coli ribosome. The transition state of the release factor 2 (RF2)-dependent hydrolysis reaction is characterized by the rate-limiting formation of a single strong hydrogen bond. This finding argues against a concerted proton shuttle in the transition state of the hydrolysis reaction. In comparison, the proton inventory for peptide bond formation indicates the rate-limiting formation of three hydrogen bonds with about equal contributions, consistent with a concerted eightmembered proton shuttle in the transition state 5 . Thus, the ribosome supports different rate-limiting transition states for the two reactions that take place in the peptidyl transferase centre.
Peptide bond formation and peptide release involve the attack of different nucleophilic groups on the ester carbonyl carbon of peptidyltransfer (t)RNA in the P site of the ribosome; these nucleophilic groups are respectively the a-amino group of A-site-bound aminoacyl-tRNA and a water molecule. Unlike peptide bond formation, which does not require auxiliary factors, peptide release is assisted by termination (release) factors; in E. coli, these are RF1 and RF2. On recognition of a stop codon in the decoding site, the conserved GGQ motif of RF1/2 is inserted into the peptidyl transferase centre, augmenting the active site and inducing the hydrolysis of peptidyl-tRNA (see ref. 3 for a review). Release-factor binding induces a conformational change that involves conserved 23S ribosomal RNA residues, in particular U2506 and U2585 (refs 6-10) , and opens the active site for the access of water 11 . The conserved Gln residue in RF1/2 has been attributed an essential function in positioning the hydrolytic water molecule and accounts for the high specificity of the active site for water as the nucleophile, discriminating against a larger amine 12 . Computational analysis suggested that the 29-OH of A76 of the P-site tRNA may take part in a concerted proton shuttle mechanism for the protonation of the leaving 39-O (ref. 4) , in analogy to the mechanism suggested for peptide bond formation 5, 13 . A fully concerted proton shuttle would involve the formation of several (two to three) strong hydrogen bonds in the transition state. This should lead to a kinetic solvent isotope effect (KSIE) and a nonlinear proton inventory. As pertinent experimental data are lacking, we have determined the KSIE for both RF2-catalysed and uncatalysed reactions by measuring reaction rates in H 2 O-and D 2 O-containing buffers.
At saturation with RF2, the hydrolysis reaction in H 2 O proceeded with a catalytic rate constant (k cat ) of about 2 s 21 (Fig. 1a) . Reactions in D 2 O were found to be about four times slower than in H 2 O for both the RF2-catalysed reaction on the ribosome and the uncatalysed reaction (Fig. 1b) . The magnitude of the KSIE indicates that it is a primary effect-that is, it arises from proton transfer(s) between groups that take part in the reaction directly 14, 15 . In keeping with this contention, the same reaction rates were observed regardless of whether ribosome complexes in D 2 O buffer were mixed with RF2 in H 2 O buffer or vice versa (data not shown), establishing that the intrinsic reactivity of ribosomes and RF2 was not influenced by H-D exchange.
The proton inventory showed a linear relationship for the RF2-dependent reaction (Fig. 2a) . This is consistent with a model in which the reaction rate is limited by the formation of a single strong hydrogen bond (a low-barrier hydrogen bond) 14, 15 . A model involving two 1 Max Planck Institute for Biophysical Chemistry, Am Fassberg 11, 37077 Gö ttingen, Germany. equally contributing hydrogen bonds in the transition state was not compatible with the data. In contrast, the proton inventory of the uncatalysed hydrolysis reaction showed a pronounced downwards curvature, indicating the formation of more than one hydrogen bond in the transition state. The data for the latter reaction were fitted best with a model in which a large number of hydrogen bonds contribute about equally. This result is consistent with a model in which many water molecules form a hydrogen-bonded proton network facilitating the reaction.
We have also determined the pH/pD dependence of the RF2-dependent hydrolysis reaction (Fig. 2b) . The plots of log k cat versus pH or pD were linear up to pH 9 with slopes of near one, suggesting that the pH/pD-dependence was determined by a single ionizing group with pK a . 9 (where K a is the acid dissociation constant). The pH dependence of the uncatalysed hydrolysis exhibited about the same slope. For the latter reaction, the pH-dependence reflects the ionization of either a water molecule or the 29-OH of the tRNA. The same groups are directly involved in the reaction on the ribosome and are, therefore, likely to contribute to the pH dependence. If the ribosome or RF2 were donating additional ionizing groups, in the simplest model the slope of the pH dependence would increase, which is not observed. Ribosomal residues in the active site (A2451, U2585 and, in particular, A2602), the replacements of which impair peptide release 1, 2, 16 , appear to have a role in positioning the peptidyl-tRNA and/or the release factor in the active site, rather than in chemistry itself.
Substitutions of the A76 29-OH of peptidyl-tRNA strongly inhibited peptide release by RF1, whereas the uncatalysed hydrolysis was not affected 3 . Computational analysis suggests that the 29-OH of A76 is essential for a proton shuttle in which the 29-OH donates a proton to the leaving group (that is, the neighbouring 39-O of A76 of the P-site tRNA) and, at the same time, receives one from the water attacking the carbonyl carbon 4 ; such a mechanism implies a six-membered transition state with two hydrogen bonds of about equal contributions and two protons synchronously changing their binding partners. The concerted proton-shuttle model is not supported by the proton inventories, which clearly show that the formation of a single strong hydrogen bond in the transition state is rate-limiting. This does not exclude the possibility that at a later, not rate-limiting, step of the reaction the leaving group is protonated via a proton shuttle.
One of several mechanisms that are consistent with our data is shown in Fig. 2c . According to this model, the attacking water molecule in the transition state is engaged in a strong hydrogen bond with a hydroxide ion that facilitates proton transfer and the nucleophilic attack. Density for a water molecule in the active site was observed in the crystal structure of a complex representing the reactant state 6 . The effect of replacing the 29-OH group of A76 with hydrogen then may be attributed to a change of the rate-limiting step, such that proton transfer to the leaving group becomes rate-limiting. In an alternative model (Fig. 2d) , the transition state may entail the attack of a hydroxide ion on the carbonyl carbon. In this case, the strong hydrogen bond could involve the 29-OH of the P-site tRNA-which would be consistent with its important role in peptide release 3 -or a water molecule donating a proton to the carbonyl oxygen. In these models, which both imply an early transition state, the transfer of other protons, including the protonation of the leaving group, does not take place in the rate-limiting step. However, a model implying a late transition state where the protonation of the leaving group is rate-limiting would also be consistent with the data (Fig. 2e) . In a late transition state, the carbonyl oxygen could be unprotonated and negatively charged (as shown in Fig. 2e ) or protonated; presumably, that state would form before the rate-limiting step and therefore not contribute to the proton inventories.
Our data do not exclude additional contributions to catalysis by the Gln residue of the GGQ motif, including product and transition-state stabilization, which were suggested by crystal structures of the posthydrolysis state [7] [8] [9] . In keeping with these suggestions, replacing the conserved Gln residue with Pro abrogated the hydrolytic activity of RF1 (ref. 9), whereas replacements with other amino acids, presenting main-chain amide groups as Gln, had only moderate effects 17 . For comparison, we have examined peptide bond formation, using the reaction with puromycin 18 , a mimic of the 39 end of aminoacyltRNA. The reaction exhibited a large KSIE of about eight, and the pronounced downward curvature of the proton inventory indicated the formation of more than one strong hydrogen bond in the transition state (Fig. 3a) , indicating that the rate-limiting transition state of peptide bond formation differs from that of peptide release. The best fit to the data was obtained with a model in which three hydrogen bonds with about equal contributions are formed in the transition state, whereas a model assuming only two hydrogen bonds with equal contributions yielded a fit of significantly lower quality ( Supplementary  Fig. 2 ), disfavouring such a model; models assuming two or three hydrogen bonds with different contributions did not give satisfactory fits either (not shown). Thus, the proton inventory of peptide bond formation is consistent with a concerted proton shuttle in the transition state, supporting an eight-membered transition state, including the 29-OH of the tRNA and a water molecule as proton shuttles, and three protons that move simultaneously 4, 5 (Fig. 3b) ; the model with a sixmembered transition state and only two protons 'in flight', which is not favoured by our results, is shown for comparison (Fig. 3c ). Both models show early transition states, consistent with previous suggestions 19, 20 . Late transition states are disfavoured by the kinetic isotope effect of the nucleophilic nitrogen and its near-zero Brønsted coefficient 19 , and 
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by recent work determining a full set of heavy-atom kinetic isotope effects (S. Strobel, personal communication). It is important to note that the ribosome does not provide groups that act as general acids or bases 2, [21] [22] [23] . The proton shuttles as depicted result in the protonation of the carbonyl oxygen before the less favourable protonation of the leaving 39-oxygen, following previous proposals 24, 25 . The catalysis of peptide bond formation on the ribosome, compared with a spontaneous model reaction in solution, is entirely due to a change of the activation entropy, DS { (ref. 26 and Supplementary Table 1 ). In contrast, the acceleration of peptide release caused by RF2 on the ribosome is due to a decrease of the activation enthalpy, DH { ; the activation entropy, DS { , is not changed relative to the uncatalysed reaction (Table 1) . Only in the case when the methyl group at Gln 252 in the GGQ motif of RF2 (a natural RF2 modification 27 ) was lacking was there a significant entropic contribution, which may be attributed to water positioning through Gln 7 .
The present results provide strong evidence indicating that the two reactions which take place in the active site of the ribosome proceed through different transition states that are distinguished by the number of protons 'in flight'. The rate-limiting transition state of the peptide release reaction is dominated by a single strong hydrogen bond. Ribosomal groups in the active site or residues of the release factor, including the conserved, functionally important GGQ motif, do not seem to take part in chemistry, but may play a role in positioning water molecules and stabilizing the transition state 4, 8 . By contrast, the transition state of the peptidyl transfer reaction involves the simultaneous transfer of three protons, consistent with a concerted proton shuttle mechanism. Thus, the peptidyl transferase centre is a versatile active site, which for peptide release is augmented by residues of the release factor, providing a structured network of interactions, including ordered water molecules, that stabilizes different transition states, depending on the nature of the reactants. The catalytic mechanism employed by the ribosome illustrates how ancient RNA-world enzymes may have functioned, and how a single active site might have produced a large variety of polymers to be used as building blocks for the evolution of life.
METHODS SUMMARY
Ribosomes, initiation factors, RF2 and tRNA fMet were from E. coli. As model substrate, we have used 70S initiation complexes, that is, fMet-tRNA fMet bound to ribosomes programmed with an mRNA in which the AUG start codon was immediately followed by a UAA termination codon. Hydrolysis experiments were performed with RF2 that had Ala at position 246 and was methylated at N5 of Gln 252 in the GGQ motif for higher activity of the factor 27 . Peptide bond formation was studied by reacting initiation complexes with puromycin 18 . Proton inventories were measured at least three times to achieve the necessary precision 14, 15 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. . Standard deviations (n $ 3) are as indicated by error bars or are smaller than the symbol size. The data were fitted best with the function k n /k 0 5 (1 2 n 1 0.496n) 3 , yielding an overall KSIE of 8.2 6 0.2 and the rate-limiting movement of three protons with fractionation factors of 0.496 in the transition state ( Supplementary Fig. 2) . b, c, Transition states of peptide bond formation with eight-membered (b) or six-membered (c) proton shuttles. Hydrogen bonds involved in the respective concerted proton shuttle 5 are encircled.
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